ABSTRACT: This study examines the relative impact of regional land-cover/land-use patterns and projected future climate change on hydrologic processes. Historic, present and projected future land cover data were used to drive the variable infiltration capacity (VIC) model using observed meteorological forcing data for 1983-2007 over Wisconsin (USA). The current and projected future (year 2030) land cover data were developed using the land transformation model (LTM). The VIC model simulations were driven using downscaled and bias-corrected projected future climate forcing from three different Intergovernmental Panel for Climate Change (IPCC) AR4 general circulation models (GCMs): HadCM3, PCM and GFDL. Sensitivity results conducted on a single grid cell show that annual average surface runoff and baseflow were increased by 8 and 6 mm, respectively, while evapotranspiration was reduced by 15 mm when a fully forested grid was converted to cropland. Results also indicate that annual average net radiation and sensible heat flux were reduced considerably due to forest-to-cropland conversion, and the reduction was more prominent in winter and spring seasons due to effect of snow albedo. Forest-to-cropland conversion also resulted in increased latent heat flux in summer (JJA) while this land transformation increased the snow water equivalent in winter (DJF) and spring (MAM). Complete conversion of forest to cropland resulted in a decrease of the radiative surface temperature on an annual basis with more cooling occurring in winter and summer. Impacts of historic deforestation were similar to what was expected based on a single grid sensitivity analysis.
Introduction
Land-use and climate changes are major drivers of the Earth's water and energy cycle (Mahmood et al., 2010) . Land-cover/land-use change (LCLUC) has extensively altered the Earth's surface with forest to cropland and ongoing conversions of cropland to urban (Foley et al., 2005) . Historically, LCLUC in the upper Midwestern United States has been largely deforestation, as forests were cleared to obtain wood products and to expand agriculture (Whitney, 1987; Radeloff et al., 2005; Ray and Pijanowski, 2009) . Today, only half of the original forested land remains (Cole et al., 1998) . More recently, urban expansion is becoming a dominant LCLUC process in the region doubling its footprint every 20-30 years.
A number of studies suggested that conversion of forest to cropland or grassland will result in cooling in temperate regions (e.g. Diffenbaugh and Sloan, 2002; Oleson et al., 2004; Bala et al., 2007) , while others reported the opposite (e.g. DeFries et al., 2002; Baidya Roy et al., 2003; Jackson et al., 2008) . These earlier studies and associated uncertainties provide motivation for further study of the role of deforestation on surface water and energy fluxes. Several studies have been dedicated to understand the role of deforestation on nearsurface climate dynamics (Dickinson and HendersonSellers, 1988; Chase et al., 1996; Pielke et al., 1999; Bonan, 2001) ; however, studies documenting the role of deforestation on water and energy fluxes are still limited (e.g. Twine et al., 2004; Vano et al., 2006 Vano et al., , 2008 Mao and Cherkauer, 2009) , especially in the upper Midwestern United States. Moreover, none of the previous studies included the impacts of urbanization in model simulations which is an integral part of modern and anticipated future land cover change.
Increased impervious area (i.e. urbanization) has also been found to have a significant impact on near-surface climate (e.g. Chase et al., 2000; Niyogi et al., 2006; Kishtawal et al., 2009 ) and the water and energy balance (e.g. Yang et al., 2010) . Urbanization results in decreased infiltration and a resulting increase in surface runoff, which has been shown to reduce the runoff response times (Gregory, 2006) . Increased urbanization also creates the urban heat island effect, where land surface temperature is significantly elevated above than that of forest or cropland (e.g. Oke, 1982; Chase et al, 2000; Yang et al., 2009) . Urban area is likely to continue increasing in the future due to growing populations and the continued migration of people from rural to urban settings. Thus, urbanization under changing climate might impose even more severe impacts on water and energy cycle.
Climate change and its impacts on the land surface water and energy balance are documented in many previous studies. Future impacts include: an intensification of the hydrologic cycle (Huntington, 2006) ; increase in mean annual discharge (Whitfield and Cannon, 2000) ; decline in reservoir storage of the Colorado River basin (Christensen et al., 2004) ; occurrence of earlier spring snow melt peak (Regonda et al., 2005) ; decrease in the ratio of snow to total precipitation (S/P) (Huntington et al., 2004) ; and an increase in the length of the frostfree season (Kunkel et al., 2004) . Understanding current and projected future climate change at the regional scale is necessary to understand the impacts on humans and the natural environment (Hayhoe et al., 2007) .
Water and energy balance variables might show additive or subtractive impacts of climate change under changing land cover conditions. For instance, deforestation results in increased snow water equivalent while under increased air temperature it is likely to decrease; therefore, the overall impacts of land cover and climate change might cancel. Similarly, if deforestation results in cooler land surface temperatures and climate change results in warming, their combined impacts will be subtractive. On the other hand, increased urbanization coupled with warmer air temperatures might result in more intense land surface warming, which is an additive effect of land cover and climate changes. Hence, the regional effects of land cover change can offset or magnify changes in global average temperature, and can significantly alter the impacts associated with global warming (Feddema et al., 2005; Fall et al., 2009) .
Our understanding of the separate as well as combined roles of LCLUC and climate change on the regional water and energy cycle is still limited, and therefore is the focus of the present study. We aim to address the overarching question: What is the relative role of land cover change and climate change in the water and energy cycle? Two specific research questions that we address in this study are: (1 Historic, present and projected future land cover maps were used to identify the role of historic deforestation and future urbanization, while downscaled and bias-corrected climate change scenarios were used to represent changing climatic conditions. The variable infiltration capacity (VIC) land surface hydrologic model was used to quantify the impact of these environmental changes on the land surface water and energy budget.
Methodology

Study region
We selected Wisconsin as a representative study area for the upper Midwest United States, due to the availability of historic, present and projected land cover and climate data. Wisconsin lies between 42°30 -47°00N and 87°15 -93°00 W (Figure 1(a) ). Average annual temperature (based on observations from 1915 to 2008) increases from the north (4°C) to the south (10°C), while annual average precipitation varies between 760 and 866 mm in the north, to between 710 and 750 mm in the south. Topographically, Wisconsin ranges from 177 to 576 m above sea level and drains into Lake Superior, Lake Michigan and the Mississippi River. Most of the lakes and streams are ice covered in the winter, and flooding is common in the spring due to snow melt. Historically, Wisconsin was mostly forested (Table I) , but with settlement southern and central Wisconsin was deforested for agriculture development and has more recently experienced rapid urbanization (Figure 1(b) and (c)). Additionally, the historic evergreen forests that covered much of northern Wisconsin were harvested for timber and agriculture during the early 1900s. Many of these areas were abandoned for their low productivity, and the forest has returned though now they are dominated by deciduous trees (Cole et al., 1998) . 
The land transformation model
Land cover changes were derived using the LTM (Pijanowski et al., 2002a (Pijanowski et al., , 2002b . The land transformation model (LTM) couples a geographic information system (GIS) and artificial neural networks to produce forecasts of land-use change at high resolutions (e.g. 100 m). It is trained using spatial rules parameterized on land-use data from two or more periods, while economic and population trends, transportation corridors, soils, and the proximity and density of landscape features such as roads and water bodies are used as model input.
Parameterization of this application of the LTM follows procedures used in Pijanowski et al. (2005 Pijanowski et al. ( , 2006 . The following rules/assumptions were made for the forecasts:
(1) urbanization will occur at 4.4 times the rate of anticipated population increase based on analysis of rates of population growth to urban expansion; (2) forests will be added at 70% of the rate of urban gain based on an analysis of urban and forest change across Wisconsin and Michigan (Pijanowski, 2006) and (3) 
The VIC model
The VIC model, which is a macro-scale hydrology model, was used in this study to simulate the impact of land cover change and climate change on the water and energy cycle in Wisconsin. The VIC model (Liang et al., 1994 (Liang et al., , 1996 Cherkauer and Lettenmaier, 1999; Cherkauer et al., 2003) is a semi-physically based model, which solves the full energy and water balance. The vegetation representation in the VIC model is based on a mosaic scheme where multiple vegetation types can be represented in a single grid cell. Water and energy fluxes are estimated for each vegetation fraction and then converted to weighted sums as the output for each grid cell. Land cover classes are described using the leaf area index (LAI), root-fraction, canopy resistance and related biophysical parameters. The VIC model represents the sub-grid variability of soil moisture through the VIC curve. Cold season processes such as soil frost and snow accumulation and melt are well developed in the VIC model (Cherkauer and Lettenmaier, 1999; Cherkauer et al., 2003) . Recently, an urban land cover representation was also developed to assess the role of urbanization on urban heat island and also on water and energy cycle (Yang et al., 2009 ). The VIC model has been applied at multiple scales from global (e.g. Nijssen et al., 2001) , to continental (e.g. Maurer et al., 2002) , to large watersheds (e.g. Saurral et al., 2008) . There have also been various applications of the VIC model for different land cover classes around the world, e.g. Kansas prairie grasslands and Brazilian tropical forests (Liang et al., 1996) , and boreal forest in Scandinavia . In this study, we applied the VIC model version 4.1.0 r3 using the full energy and water balance at a 3-h time step and 1/8°spatial resolution. The soil frost algorithm (Cherkauer and Lettenmaier, 1999) and an improved urban representation (Yang et al., 2009) Hamlet and Lettenmaier (2005) to reduce anomalies caused by changes in the number and location of meteorological stations with time. The gridded meteorology included the interpolated station observations, and daily wind velocities obtained from National Center for Atmospheric Research (NCAR)/National Center for Environment Prediction (NCEP) Reanalysis Project (Kalnay et al., 1996) .
For projected future climate forcings, we used simulations from the fourth assessment report (AR4) of the Intergovernmental Panel for Climate Change (IPCC). As there is uncertainty associated with general circulation model (GCM) projections, which can be regionally dependent, we used data from three GCMs (HadCM3.1, PCM1.3 and GFDL2.0.1) for three different scenarios: the Special Report on Emission Scenarios (SRES) A1B, A2 and B1 (Nakic'enovic et al., 2000) .
Climate model projections, for all three models, for the three scenarios, were obtained from the World Climate Research Programme's (WCRP's) Coupled Model Intercomparison Project phase 3 (CMIP3) multimodel dataset. We used the data from the LLNL (Lawrence Livermore National Laboratory)-Reclamation-SCU (Santa Clara University) downscaled climate projections derived from the WCRP's CMIP3 multimodal dataset, stored and served at the LLNL Green Data Oasis (http://gdo-dcp.ucllnl.org/downscaled cmip3 projections/ dcpInterface.html). These data were bias-corrected using the historic gridded climate forcing dataset (i.e. 1950-2007) for Wisconsin using the quantile mapping method of Wood et al. (2004) . Thus, we used the statistics based on the observed precipitation and temperatures to biascorrect the projected future climate projections. As with the historical period, the gridded future climate projections included daily precipitation, minimum and maximum daily temperature, and wind speed for 1950-2099.
Soil data
Soil parameters at a 1/8°spatial resolution were obtained from a multilayer soil characteristics dataset with a 1-km resolution for the conterminous United States (CONUS-SOIL) (Miller and White, 1998) developed by Mao and Cherkauer (2009) . Six parameters related to infiltration, runoff and baseflow generation were used for model calibration, while other variables that were not obtained from the CONUS-SOIL dataset were set to default values of the Land Data Assimilation Systems (LDAS) parameters.
Stream flow and flux data
Observed monthly stream flow data were obtained from the United States Geological Survey (USGS) gauge stations within the study domain and used to calibrate and evaluate the VIC model. Additionally, to evaluate the model's simulation of energy fluxes, observations of latent heat flux and soil temperature at a depth of 10 cm were obtained from the three Wisconsin Ameriflux sites: Park Falls, Wild Creek and Lost Creek (Baldocchi et al., 2001) .
Historic and projected land cover
Three land cover scenarios were used in this study: historic (circa, 1850), present (2005) and projected future (2030). The historic land cover data were obtained from the Wisconsin Department of Natural Resources, and were derived from the Original Vegetation Cover of Wisconsin (Finley, 1976) . Present land cover and projected land cover were derived using LTM, as described previously. The map of present land cover from LTM was used rather than another data source to reduce inconsistencies in classification techniques, especially with the small changes that occurred between the present and projected future maps. Historic, present and projected land covers were reformatted for input into the VIC model by reclassifying each into standard land-use types (Table II) . All three land-use maps were dominated by forest cover, with urban and agriculture appearing in the modern and future maps. For consistency between periods, the shrubland/grassland class was assigned to be 60% wooded grassland and 40% open shrubland (Table II) for all three maps. As this implementation of the VIC model used the urban land-use representation of Yang et al. (2009) , impervious area fractions were estimated for the present and projected future land cover scenarios. Both high-and low-density urban classes were merged to a single urban class, and the impervious fraction was assumed to be 70% of the urban area, while the other 30% was represented as a turf grass (Yang et al., 2009 ). We did not use the VIC model lake algorithm; therefore, the open water class was remapped to bare soil. Since the analysis sought to assess the relative change in LCLUC and the lakes (open water) have not significantly changed, this assumption was expected to have minimal impacts. The VIC model represents sub-grid variability of vegetation using fractional coverage areas, and so the highresolution land cover maps were used to calculate fractional areas within each of the 1/8°model grid cells. Monthly LAIs were obtained from the data developed by Myneni et al. (1997) , while parameters for stomatal resistance, albedo and other vegetation-specific parameters were taken from the library of Midwestern values compiled by Mao et al. (2007) . The details of important vegetation parameters including albedo, LAI, stomatal resistance and roughness are presented in Table III . The vegetation parameters were kept the same in all simulations conducted in this study, and so the effects of landuse change were limited to changes in the distribution of different land cover types and not in the parameters of the land cover types themselves. The VIC model uses static vegetation parameters, though LAI, roughness and albedo change monthly to capture seasonal variability. These monthly values still remain constant throughout the simulation period.
Analysis of historic, present and projected land cover changes are presented in Table I and Figure 1 . Historically land cover was dominated by forest (75% or more). Significant land cover (20%) was also classified as shrubland/grassland. The LTM model projection for the year 2005 considered present conditions and used as the base scenario for land cover change analysis has experienced an increase of about 6% in the non-forested shrubland/grassland region as compared to the historic conditions. The major transformation in the land cover was the conversion of forest cover to agricultural land (i.e. deforestation). Agricultural land covers about 30% of Wisconsin, while 2% of the state was classified as urban in the 2005 land-use map (Table I ). The LTMderived land cover for the year 2030 projected an increase in forested area, a decrease in agricultural area and an increase in urban area; however, all of these changes were less than 2% of the total land surface area (Table I) .
Model calibration and evaluation
Two major gauged watersheds which fall in the study domain are: the Chippewa River at Durand, WI, and the Wisconsin River at Muscoda, WI (Figure 1(a) ), were selected to calibrate the VIC model's soil parameters. Simulated monthly streamflow values were obtained after routing runoff and baseflow from each grid using the method of Lohman et al. (1998) . The model calibration period was 1983-1993, while an evaluation period of 1994-2007 was used. We selected the combined period of 1983-2007 for the model calibration and evaluation in order to minimize the influence of changes in land cover as the base scenario (2005) was used as model input for this step. Both watersheds were calibrated to use a single set of parameters simplifying the transfer of those parameters to uncalibrated areas, but potentially decreasing the quality of the calibration for individual river basins. After the calibration, model performance was evaluated for monthly streamflow at the selected gauge stations. Model performance was also tested qualitatively against observed soil temperature at 10-cm depth and latent heat flux for the Ameriflux sites.
Three performance evaluation measures were used to evaluate the VIC model-simulated streamflow versus observed streamflow at a monthly time step: the Nash and Sutcliffe efficiency (NE), the ratio of simulated and observed stream flow (MF ratio ) and the correlation coefficient (r) were calculated as described by Ivanov et al. (2004) . NE can take any value from −∞ to 1 while r and MF ratio vary between 0 and 1. In this study, NE values between 0 and 0.50 were considered average performance; NE between 0.50 and 0.70 was considered good performance and NE of more than 0.70 was considered as very good performance. Correlation coefficient (r) greater than 0.8 and MF ratio between 0.8 and 1.2 were considered as good performance. Surface temperature (i.e. radiative temperature as output by the VIC model) for any grid cell from the VIC model represents the effective temperature of a grid cell based on the area-weighted mean of long-wave radiation over all land cover types (i.e. vegetation, urban, water and bare soil). Radiative temperature was developed for direct comparison to surface temperatures derived from remote sensing imagery, and is used here to represent the temperature at the bottom boundary of the atmosphere as it is the temperature above the land and vegetation surface.
The sensitivity analysis was expanded to include the combined response of the VIC model to land cover and climate changes. To understand the sensitivity of the VIC model to changes in vegetation cover, we used four major land cover classes: cropland, deciduous broadleaf forest, shrubland/grassland and urban. These land cover classes were representative of the most significant types of landuse change between the historic, modern and projected future maps, and so sensitivity to other land cover types was excluded from this analysis. Four VIC model simulations were performed, each with a different land cover class covering 100% of the grid cell. Simulations were conducted over the period . Average monthly water and energy variables were calculated over all years for the period of 1983-2007, which excludes the first two years of the simulation for model spin-up.
To assess the sensitivity of the water and energy fluxes to changes in climate, the observed meteorological data for the selected grid cell were modified. Five modification levels were applied to both air temperature and precipitation, resulting in a total of 25 different scenarios. Average daily air temperature was increased by a maximum of 2.5°C in five 0.5°C steps, while precipitation was adjusted to a maximum increase of 25% using 5% increments. The increased precipitation and average air temperature were considered for the sensitivity analysis as most of the projected climate change scenarios suggest an increase in precipitation and air temperature. For each scenario, the VIC model was run for the 1981-2007 period and the model-estimated average annual monthly fluxes were analysed leaving initial two years for the model spin-up. Annual average monthly fluxes were calculated as monthly means of the variables for the time period used in the analysis. For this analysis, the grid cell was considered covered by 100% deciduous forest, while other vegetation parameters (i.e. LAI, roughness and stomatal resistance etc.) were not modified.
The combined sensitivity of land cover and climate change was analysed using three land cover classes (urban, deciduous broadleaf forest and cropland) and four climate scenarios [base case, increased precipitation (P ↑), increased air temperature (T ↑), and increased precipitation as well as air temperature (P ↑ T ↑)]. The three land-use categories resulted in six possible changes: deciduous broadleaf forest to cropland (F → C), deciduous broadleaf forest to urban (F → U ), cropland to deciduous broadleaf forest (C → F ), cropland to urban (C → U ), urban to deciduous broadleaf forest (U → F ) and urban to cropland (U → C). However, as the last two potential conversions, urban to deciduous forest and urban to cropland, are highly unlikely, they were not included in our analysis. Simulations were run for all three land-use types, and for each of the four climate scenarios, resulting in 12 additional simulations. Then, we computed differences between the base climate and land-use cases and each possible change in land use and climate. In all simulations, the vegetation parameters associated with the specific land cover (e.g urban, cropland and deciduous forest) were kept constant.
Regional analysis
After the model calibration, evaluation and sensitivity analysis, a statewide analysis was conducted using different land cover (historic, present and projected) and projected climate scenarios. A detailed description of data and scenarios are presented in Table IV . Soil and vegetation parameters were not modified from their assigned values as described in Table III , for all scenarios. Only the distribution of land cover and climate forcing scenarios were changed in order to assess their impact on the regional water and energy cycle. Regional simulations were conducted for the period of 1981-2007 for the land cover change scenarios, while for projected future climate change a period of 2008-2034 was used. In both the cases, the initial two years were not used in the analysis and were treated as the model spin-up period.
Results
Model calibration and evaluation
The calibration and evaluation of soil parameters resulted in VIC model estimates of monthly stream flow that were in good agreement with observations ( Figure 2) , with NE values greater than 0.5 for the both calibration locations. Model results were positively biased for Chippewa River at Durand with MF ratio greater than 1, while negatively biased for the Wisconsin River at Muscoda with MF ratio less than 1 (Table V) . Performance measures were estimated separately for the calibration and evaluation periods. A trade-off in model performance between the single best set of calibration parameters for the whole domain and watershed specific parameters existed, but the single set of parameters was used to simplify the transfer of the model parameters to uncalibrated regions. Certainly, an improved model performance could have been achieved with different parameters for each watershed, but the overall model performance was good for both the watersheds and should not affect the nature and interpretation of the simulated changes in water and energy cycle. The VIC model-simulated soil temperature at a depth of 10 cm and LHF were also compared against observed values for the three Ameriflux sites located in northern Wisconsin. The model reproduced the annual cycle of observed soil temperature and LHF adequately with correlation coefficients (r) greater than 0.90 (Figure 3 ).
Sensitivity analysis
Sensitivity to land cover change
Sensitivity of water and energy fluxes was evaluated for four different land cover types: deciduous broadleaf forest, cropland, shrub/grassland and urban (Figure 4) . SR was highest for urban compared to the other land cover types for all seasons. In particular, SR from urban areas was almost five times more than from the other land cover types in spring, summer and early autumn (SON). The impervious area due to urbanization restricts the infiltration capacity of soils and hence increases the SR significantly, as has been found in other studies (e.g. Konrad and Booth, 2005; Gregory et al., 2006;  Yang et al., 2009) . SR from cropland peaks in spring which can be attributed to the fact that snow accumulations are greater in cropland (and other land covers with no canopy interception) and that melt occurs more rapidly without shading from a canopy. Average annual SR was 40.4, 48.3, 52.8 and 526.6 mm from deciduous forest, cropland, shrub/grassland and urban, respectively (Table VI) . BF was highest from shrub/grassland and lowest from urban land-use classes (Figure 4 -BF). BF from cropland was higher than that of deciduous forest by about 7 mm annually (Table VI) , and it peaked in spring and autumn (Figure 4 -BF), which was consistent with observations by Vano et al. (2006) in northern Wisconsin. Annual average ET from the deciduous forest was 592.0 mm but only 172.1 mm from urban. ET from deciduous forest was higher than that of cropland in all seasons except the peak crop growing season (from May till September) (Figure 4 -ET) when ET from cropland was about 50 mm higher than that of deciduous forest. The results reported here are consistent with the findings of Twine et al. (2004) in terms of direction of change; however, there are differences in magnitude. These differences can be attributed to the differences in different model parameters. The effect of the forest canopy can be observed on SWE, where ground SWE within the deciduous forest was significantly lower than for cropland and shrub/grassland (Figure 4-SWE) . Figure 4 -RNET shows the effect of different land cover types on RNET, which is influenced mostly by snow cover, land surface albedo (which is dominated by snow cover in winter and spring) and outgoing longwave radiation. Simulations found a 40 W/m 2 decrease in RNET between forest and cropland. Changes in snow cover and therefore surface albedo resulted in the largest differences (4.3 to -20.5 W/m 2 ) in winter, while minimal differences between the albedo of forest and cropland in summer resulted in the lowest difference (0.07 W/m 2 ) (Table VI) . Changes in winter RNET were consistent with Betts (2001) , Snyder et al. (2004) , Twine et al. (2004) and Betts et al., (2007) , who found large changes in RNET due to differences in surface albedo related to snow cover. The summer findings, however, did not agree with Twine et al. (2004) , who attributed the large differences in RNET in summer to differences in leaf optical properties and LAI between forest and cropland. The VIC model did not use leaf optical properties, so it does not factor into its estimates of change. Annual average LHF was similar in magnitude for deciduous forest and cropland (Table VI) . However, the largest difference in LHF was noted in summer, which was the crop growing season when ET from cropland exceeds ET from the deciduous forest (Figure 4-LHF) . LHF from urban was the lowest of all land cover types and can be attributed to lower LAI values of turf grass and the limited availability of water with the high impervious fractions. Annual average SHF was highest for urban and lowest for cropland (Table VI) . The larger differences between forest and cropland SHF during the winter and spring were due to differences in RNET in the respective seasons, while the difference in summer was driven by LHF, which is consistent with the findings of Snyder et al. (2004) . Annual average ST was 1.0°C cooler for crops than for forest, with the biggest differences occurring in winter (−2.6°C) and summer (−0.7°C) ( Table VI) . The lower ST from cropland in summer was due to higher evaporative cooling from cropland, while in spring the cropland ET was more limited. The annual average ST of urban land cover was about 2°C higher than cropland and shrubland and 1°C higher than deciduous forest, which reflects the effects of the urban heat island as observed by Yang et al. (2009) . Moreover, the effect of such warming due to urbanization was also observed in historic climatological records (e.g. Fall et al., 2009 ).
The sensitivity experiments described above provided results for 100% land-use conversion. To investigate the threshold nature of fractional changes in land use, incremental experiments were done for the three major land-use conversions: forest to cropland (F → C), forest to urban (F → U ) and cropland to urban (C → U ). In each case, the grid cell was 100% covered by the initial land cover type (e.g. forest) and then was converted in increments of 10% to the second land cover type (e.g. cropland). Since adjacent land cover elements do not interact in the VIC model, the fractional change in water and energy variables is always 10% of the total change, but the point at which critical hydroclimatic thresholds [latent to sensible heat (Bowen ratio), runoff to baseflow and total runoff to ET] are reached will vary. Our results indicated that there was no such critical point for any of the ratios under the forest-to-cropland conversion ( Figure 5(a) ), but urbanization produced critical points for all three ratios. The ratio of surface runoff to baseflow first exceeded 1.0 (SR greater than BF) when approximately 23% of both forest and cropland had been converted to urban (Figure 5(b), (c) ). Similarly, total runoff first exceeded annual ET when approximately 44% of both forest and cropland had been converted to urban (Figure 5(b) ). The conversions were different, however, in their effect on the ratio of sensible to latent heat, with a loss of about 12% of the forest versus 44% of the cropland resulting in sensible heat exceeding latent heat on an annual basis. The shift in Bowen ratio is significant to the near-surface energy balance and suggests that the loss of forests to urbanization is more significant than the loss of croplands. Annual Bowen ratios were 0.89, 0.33 and 4.85 for a grid cell fully covered by deciduous forest, cropland, and urban, respectively (Table VI) . Therefore, only a 12% conversion of forest to urban resulted in Bowen ratio exceeding 1.0, while the same threshold was exceeded only after a 44% conversion of cropland to urban. A similar effect on the Bowen ratio due to urbanization has been documented by Dow and DeWalle (2000) . 
Sensitivity to climatic change
Sensitivity to changes in precipitation and air temperature were simulated using static vegetation cover with the same model parameters (Figure 6 ). Based on the 25 modified meteorological scenarios, SR, BF and SHF were more sensitive to precipitation changes than changes in air temperature. The rate of change is fairly uniform across the solution space, so that a 20% increase in precipitation produced a 36% (22 mm) increase in annual average SR, a 57% (126.5 mm) increase in annual average BF and a 9% (2.23 W/m 2 ) decrease in SHF. Both SR and BF decreased with increasing temperature, likely due to the increase in ET, while SHF increased with increasing air temperature and a warmer land surface (Figure 6-SHF) .
RNET and ST were generally more sensitive to changes in air temperature than precipitation . A 2°C increase in air temperature resulted in a 4.3 W/m 2 (3.0%) increase in annual average RNET and a 2°C (52%) increase in ST. Interestingly, increasing precipitation also resulted in a slight cooling of the land surface. SWE was equally sensitive to precipitation and air temperature. A 20% increase in precipitation resulted in a 42% (10 mm) increase in SWE, while a 2°C increase in air temperature resulted in 44% (11 mm) decrease.
ET and LHF were the only variables that exhibit a strong threshold effect with respect to climate sensitivity. Both increased with increasing air temperature and precipitation as warmer temperatures and greater water availability made conditions for ET more favourable. The rate of change levelled off for the highest precipitation values, suggesting that ET was increasingly limited by energy, not water.
Sensitivity to combined land cover and climate changes
With sensitivity analysis completed for water and energy variables due to land use and climate change independently, the final step was to analyse sensitivity to both changes simultaneously. SR was found to be highest for urban, which resulted in changes to urban experiencing the greatest changes for all climate scenarios. The largest increase in SR occurred under the increased precipitation scenario for the F → U conversion. Annual average SWE was higher for cropland than forest and higher for urban than cropland. In the P ↑ climate scenario annual average SWE was increased while in the T ↑ annual average SWE was decreased. The F → C and F → U conversions resulted in increased SWE under the P ↑ scenario; however, under T ↑ scenario the annual average SWE was reduced. Annual average LHF was higher for cropland than forest and urban land covers due to higher ET rates during the crop growth season and greater storage of moisture in the soil (Figure 7) . The direction of change in LHF was the same for all three climate scenarios, with the greatest sensitivity to land-use change for the P ↑ T ↑ climate scenario. For example, in the P ↑ climate scenario, LHF was increased by 70 W/m 2 for forest and cropland while by 17 W/m 2 for urban, while for the T ↑ LHF was increased by 74 W/m 2 for forest and cropland and by 16 W/m 2 for urban. In the P ↑ T ↑ climate scenario, the LHF was increased by 80 W/m 2 for forest, 84 W/m 2 for cropland and by only 18 W/m 2 for the urban. LHF was increased in the F → C conversion by 77.4, 78.2 and 85.3 W/m 2 in the P ↑, T ↑ and P ↑ T ↑ climate scenarios, respectively. The F → U conversion resulted in decreased LHF by 8.0, 8.1 and 7.0 W/m 2 in the P ↑, T ↑ and P ↑ T ↑ climate scenarios, respectively (Figure 7) .
ST was higher for urban than for either the forest or cropland land cover types in all climate scenarios. The F → C conversion resulted in decreased ST by 1.0°C in the P ↑ scenario, while ST increased by 1.8 and 1.6°C in the T ↑ and P ↑ T ↑ climate scenarios, respectively. Conversion to forest from urban (F → U ) resulted in increases of about 0.9°C in ST under the P ↑ scenario, while increases of 3.8 and 3.6°C were predicted under the T ↑ and P ↑ T ↑ climate scenarios, respectively. Reforestation (C → F ) resulted in increased ST by 1.0°C under the P ↑ scenario, while increases of 3.5 and 3.4°C were projected under the T ↑ and P ↑ T ↑ climate scenarios, respectively Thus, results suggested that urban expansion under increased air temperature would show the greatest overall sensitivity (Figure 7) . Additionally, it can be observed that hydrologic variables were most significantly influenced by the climate change and urbanization, with changes between forest and cropland impacting snow cover most significantly.
Impacts on regional scale water and energy balance
In the present section, we describe the results of regional scale simulations for Wisconsin using historic land cover change and projected future climate changes on the water and energy balance.
Historic deforestation and projected climate change
The impacts of historic deforestation and projected future climate change for the A2 scenario are presented in Figure 8 . Here, we compared the impacts of historic deforestation to the impacts of climate change represented by ensemble mean of three GCMs for the A2 scenario only, as this was the scenario with the highest green house gas emission levels used for this study and should illustrate the largest projected changes. Differences in hydrologic variables due to historic deforestation were calculated by subtracting values from historic land cover scenarios from the base (2005 land cover, observed climate) scenario, while for future climate and land-use scenarios the base scenario was subtracted from the projected scenarios. This was done to keep the direction of the change same. Historic deforestation had a significant impact on total runoff (SR + BF), resulting in an increase in seasonal and annual values, which was more prominent outside of winter (Figure 8(a) ). The spatial distribution of the changes in total runoff clearly indicated that the increase was mostly in those regions where forests were converted to cropland. The expansion of urban areas in the present land cover scenario was easily identified through the significant increase in total runoff in the region of Milwaukee in southeastern Wisconsin. Under projected climate changes, it was also evident that seasonal and annual total runoff will increase in the future (Figure 8(b) ). The magnitudes of total runoff increase due to historic deforestation and projected climate change were comparable, however, with significantly different spatial distributions. For instance, in summer, historic deforestation increased total runoff most significantly in the southwestern part of the state where deforestation was most significant, while changes in total runoff under climate change occurred largely in the northern part of the region where winter processes will be most affected (Figure 8(a), (b) ). Historic deforestation resulted in reduced spring and autumn ET, while summer ET was increased. Increased ET in summer was attributed to the expansion of cropland and the fact that summer (i.e. crop growing season) ET rates are higher for cropland than for forest. But the higher annual ET rates for forest (Table VI) translate into regional ET reductions on an annual basis. Once again the effect of urbanization can be seen around Milwaukee, where ET was reduced by a greater degree than in surrounding areas. Under future climate change projections, there were increases in summer and annual average ET. Thus, the effects of climate change will reinforce increases in ET in the summer associated with historic deforestation, while they will be subtractive on an annual basis.
Significant changes to energy variables were limited to RNET and ST (Figure 9 ). RNET was largely reduced Figure 7 . Combined sensitivity of SR, SWE, LHF and ST to land cover and climate changes. Climate changes: B -base scenario with observed climate; P ↑ -precipitation increased by 25%; T ↑ -air temperature increased by 2.5°C; and P ↑ T ↑ -a combined increase in precipitation (25%) and air temperature (2.5°C). Land use types: F -deciduous forest; C -cropland; and U -urban. Left column shows annual average magnitude of selected variables for each land use type. Right column shows change from base case to identified climate scenario when land use type was changed from X → Y.
in winter and spring due to historic deforestation, and was therefore more significant in the central and southern regions, where forests were converted to croplands (Figure 9(a) ). These seasonal reductions also contributed to a reduction of annual average RNET. On the other hand, under projected future climate, RNET was found to be increased in the central and northern parts of the region, especially in the spring. Annual average RNET under projected climate change was expected to increase by 5-10 W/m 2 . ST was found to have decreased in winter, summer and in autumn, while increasing in spring (Figure 9 (c)) due to historic deforestation. In all seasons, changes to ST were largely observed in those regions which were converted to cropland from forest. However, the most significant increases in annual average ST were in regions where urban expansion occurred (Figure 9(c) ). These findings are consistent with Fall et al. (2009) as they also found that deforestation resulted in land surface warming due to increased urbanization. Seasonal, as well as annual average STs, were projected to increase by about 1-2°C under the A2 climate scenario (Figure 9(d) ).
Projected land cover and projected climate change
We conducted further analysis in order to quantify the impacts of historic and projected land cover changes and climate change on the domain-averaged water and energy balance (Figure 10 ). For the climate change analysis an ensemble mean was evaluated for each climate scenario (A1B, A2 and B1) by averaging results from the three climate models (GFDL, HADCM3 and PCM). All land cover and climate change scenarios resulted in increased SR for all seasons (Figure 10-SR) . Annual average BF was increased by 33 mm due to historic deforestation, with a decrease of 3 mm estimated due to projected land cover change (Table VII and Figure 10 -BF). Under projected climate change, annual average BF increased by 6 and 9 mm under the A1B and A2 scenarios, respectively, while a decrease of 2 mm was simulated under the B1 scenario. Annual average ET was most significantly reduced (by 47 mm) due to historic deforestation and further reduced by 1.5 mm due to projected land cover change (Table VII and Figure 10 -ET). ET was reduced largely during the winter, spring and Figure 10 -LHF, 10-SHF), which is consistent with the findings of Baidya Roy et al. (2003) . Under projected land cover and climate change scenarios, annual average SHF was found to increase by 1.26 W/m 2 with projected land cover change, and increase by 5.1, 4.4 and 5.3 W/m 2 for the A1B, A2 and B1 scenarios, respectively. The ST showed slight cooling in the summer (0.20°C) due to historic deforestation, which is greatly compensated for by the projected warming for all future climate scenarios in the order of 2°C (Table VII and 
Discussion
Previous coupled modelling studies have reported on the impact of deforestation on near-surface air temperature (∼2 m); however, as this study was conducted in an offline mode, we analysed the change in ST and SHF to the atmosphere. Bonan (1997 Bonan ( , 2001 found that deforestation primarily resulted in cooling air temperatures in the central United States in the summer. Our results also indicated that deforestation resulted in cooling of the land surface and decreasing SHF in the winter, summer and autumn, and land surface warming and an increase in SHF in spring (Figure 9(c) ). Summer cooling was largely attributed to high evaporative losses as a consequence of the conversion of forest to cropland, and is therefore very sensitive to the parameterization of forested and crop vegetation. Findings similar to this were also reported by Baidya Roy et al. (2003) in their coupled model simulations. In our simulations, significant surface cooling occurred in the winter and summer, which also caused cooling in the annual average ST. Similarly, annual SHF decreased (and decreased in all seasons except autumn), indicating a decrease in the energy supplied to the nearsurface atmosphere. Snyder et al. (2004) also found that removal of the high-latitude temperate forests resulted in cooling in the winter and summer, but warming in autumn. The findings of this study are consistent with the results of Baidya Roy et al. (2003) and Jackson et al. (2005) . The possible reason for winter surface cooling during deforestation is attributed to significant increases in SWE (Figure 10 ). The increased snow cover resulted in increased land surface albedo leading to decreased net radiation at the surface (Snyder et al., 2004) . The decreased net radiation produced cooling of the surface. We found that there was a seasonal variability in the ST response due to deforestation, which was attributed to the role of snow and evaporative losses in winter and summer, respectively. Moreover, ST was expected to increase in all seasons under the projected future climate (Figure 10(d) ). Overall, our results again highlight the complexity in assessing the role of different components of LCLUC on regional climate change.
Conclusions
We applied the calibrated and evaluated VIC land surface hydrologic model to study the relative impacts of historic and projected land-use change and projected future climate change on the water and energy cycle using sensitivity analysis and regional scale model implementation for the period of 1983-2007. Our findings from the single grid cell sensitivity analysis suggest that the land surface water and energy balance can be greatly affected both by land use and projected future climate change.
• Conversion from forest to cropland increased surface runoff by 20%, baseflow by 4% and decreased evapotranspiration by 2.5%. Removing forest and replacing it with urban increased surface runoff by 1200% and decreased baseflow and evapotranspiration by 38% and 70%, respectively. Changes due to conversion of cropland to urban were of the same magnitude. Forest-to-cropland conversion resulted in decreased net radiation and sensible heat by 21 and 63%, respectively. After transformation from forest to urban, net radiation was decreased by 32% while sensible heat was increased by 18%. In winter, surface temperatures decreased by 2.6°C for the forest-to-cropland conversion. In summer, forest-to-cropland conversion resulted in decreased surface temperature by 0.7°C, while forest to urban conversion resulted in increased surface temperature by 4.0°C.
• Three important hydroclimatic ratios were also evaluated to identify critical points in the conversion of a grid cell from one land-use type to another. For forest and cropland conversion to urban, surface runoff exceeds baseflow once urban expands to more than 23% of the grid cell. Total runoff is greater than evapotranspiration when urban exceeds 44% of the grid cell. The ratio of sensible to latent heat flux (Bowen ratio) becomes greater than 1 when 12% of the forest or 44% of the cropland has been converted to urban. Conversion of land use from forest to cropland does not result in any of the ratios exceeding 1.
• A 20% increase in precipitation produced a 36% (22 mm) increase in annual surface runoff, a 57%
(127 mm) increase in baseflow and a 9% (2.2 W/m 2 ) decrease in sensible heat flux. Increasing air temperature by 2°C resulted in a 4.3 W/m 2 (3.0%) increase in annual average net radiation and a 2.0°C (51%) increase in the surface temperature. Snow water equivalent increased by 42% (10 mm) with increasing precipitation, but decreased by 44% (11 mm) with increased air temperature.
• With the exception of snow water equivalent, climate and urbanization were the most significant drivers of hydrologic change. Snow was also significantly affected by conversion from forest to cropland. Historic land cover change from 1850 to 2005 resulted in an increase in domain-averaged annual mean surface runoff and baseflow by 14 and 33 mm, respectively, possibly due to reduced evaporative losses from cropland especially in non-crop-growing seasons. Annual average ET was reduced by 47 mm. Surface runoff, baseflow and evapotranspiration were considerably changed in the spring season indicating the major role of snow in regional water balance due to historic deforestation. Historic deforestation resulted in increased SR, which is also likely to increase by 30.5 mm with future climate. This may result in costly impacts such as more frequent flooding and increased soil erosion. Future climate is expected to have a relatively small impact on ET compared to what the region has experienced due to historic deforestation. Overall, the impacts of historic deforestation on baseflow were three or more times greater than those expected under future climate. Our results related to historic deforestation on water balance are thus consistent with the findings of Twine et al. (2004) and Vano et al. (2006) .
The domain-averaged net radiation was decreased predominantly (∼11 W/m 2 ) in winter as a result of increased land surface albedo due to historic land-use change. Both latent heat and sensible heat fluxes were also decreased largely in winter and spring. The region has experienced cooling of 0.3°C in annual average ST due to historic deforestation, but relatively greater warming (+1.2°C) is expected under projected future climate.
Will projected land cover change (i.e. increased urbanization with reforestation) augment or reduce the impacts of future climate changes? Future climate projections for the region indicate that precipitation will increase, snow cover will melt earlier and summers will be drier but punctuated with more intense convective storms leading to an increase in the flashiness of summer streamflow (Cherkauer and Sinha, 2010) . The increased urbanization that is projected in the 2030 land cover is also likely to produce more flashiness with greater magnitude flood peaks (Yang et al., 2009) . Projections of increased precipitation and increased urbanization will have additive impacts on surface temperature. Urbanization resulted in elevated surface temperatures (the urban heat island effect), which will be further enhanced under projected future climate, resulting in an additive impact which is consistent with the findings of Dow and DeWalle (2000) . Unlike urbanization, reforestation will both add to and reduce hydrologic impacts under future climate. For example, under both reforestation and climate change scenarios snow cover is likely to be reduced, and in this case the effect will be additive. Under reforestation and projected climate change, impacts on surface runoff and baseflow will be reduced, while for evapotranspiration and surface temperature the impacts will be additive.
